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Prom  obtained  laboratory  data  recommendations  have 
been  made  about  experimenting  with  sulfur-containing 
diesel  fuels  In  natural  gas-turbine  plants.  The  re¬ 
sults  of  these  experiments  have  confirmed  the  correct¬ 
ness  of  the  laboratory  experiments  and  shown  the 
suitability  of  sulfur- containing  diesel  fuel  for  re¬ 
liable  operation  of  gas  turbine  plants. 


The  seven-year  plan  for  the  development  of  the  national  economy 
foresaw  the  considerable  growth  In  the  capacity  of  gas  turbine  power 
Installations  In  Industry  and  transportation.  A  substantial  part  of 
them  will  work  on  sulfur-containing  fuel  and,  considering  the  pros¬ 
pects  for  the  development  of  the  oil  Industry,  this  will  be  fuel 
containing  ~1.0^  of  sulfur.  In  this  connection  questions  dealing  with 
the  corrosive  action  of  fuel  combustion  products  on  components  of  the 
steam-passing  parts  of  the  turbine  acquire  especial  significance. 

The  corrosive  properties  of  sulfur  oxides  formed  In  the  combustion 
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of  sulfur  compounds  contained  in  the  fuel  may.  In  respect  to  metals, 
appear  under  two  essentially  different  conditions:  At  low  and  at 
high  temperatures.  In  the  first  case  an  electrochemical  (acid) 
corrosion,  and  In  the  second  a  chemical  ( gaseous)  corrosion  Is  observed. 

The  problem  of  low-temperature  corrosion  In  gas  turbines  has  as 
a  rule  no  great  significance  because  of  the  high  temperature  of  the 
gases  on  exhaust,  although  at  times  of  starting  and  stopping,  and  also 
when  using  exhaust  gases,  low  temperature  corrosion  may  also  take 
place. 

The  greatest  danger  connected  with  the  presence  sulfur- containing 
cases,  sulfuric  anhydride,  and  sufficient  amounts  of  oxygen  (resulting 
from  the  great  excess  of  air  during  combustion)  Is  In  the  combustion 
products  In  the  hlgh-temperature  chemical  corrosion  of  the  elements 
of  the  gas  turbine.  High  temperatures  and  the  considerable  bathing 
rates  of  the  components  on  the  part  of  combustion  products  create 
conditions  In  which  corrosion  becomes  more  Intense. 

The  corrosion  resistance  of  the  metals  In  the  gas  tract  of  gas 
turbine  units  In  the  presence  of  combustion  products  of  sulfur-con- 

s  t 

talnlng  fuels  has  not  yet  been  studied  siifflclently. 

Below  are  listed  the  experimental  results  of  the  corrosive  action 
of  the  combustion  products  of  sulfur- containing  diesel  fuel  on  metals  < 
used  In  gas  turbine  construction,  obtalned^ln  a  small  laboratory  com-  ° 

s  0  O  0  “  .  . 

bustlon' chamber  In  which  were  placed  specimens  prepared  from  sheet, 
plate,  and  the  working  blades  of  gas  turbines. 

'  Diesel  fuels  containing  from  0.2  to  1.6^  sulfur  were  tested 

( Table,,  1)  .  Our  standard  was  the  low-sulfur  dles61  fuel  DS,  GOST* 

©  ‘  © 

4749-49  (oV2^  S)  ,  cixrrently  used  In  gas  turbines, 
o 

*aOST‘'=  All-Union  State  Standard. 

a 
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Corrosion  was  evaluated  by  weighing  the  specimens  before  and 
after  the  tests.  Before  weighing  the  plates  after  the  experiments, 
they  were  first  subjected  for  2-5  minutes  to  electrochemical  treat¬ 
ment  In  a  fusion  of  40^  Na2C03  and  6o^  NaOH  at  500-550*0  and  a  current 
of  0.25  amp/cm*. 

In  the  first  series  of  experiments  the  corrosion  resistance  of 
an  alloy  xinder  the  influence  of  sulfur- containing  fuel  combustion 
products  was  studied.  In  this  the  metal  specimens  were  subjected 
to  the  action  of  combustion  products  for  separate  10-hour  stages. 

In  the  Intervals  between  which  the  specimens  were  transferred  from 
the  experimental  box  Into  a  desiccator  which  excluded  the  condensation 
of  air  moisture  on  their  surfaces. 

Table  1 


Physicochemical  Constants  of  Diesel  Fuels 
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Fig.  1.  Kinetics. of  Steel  Corrosion  in  Diesel 
Fuel  Combustion  Products  at  650 “C. 

1)  DS,  GOST  47^9-49  (0.2?S  S)  .  2)  Experimental 

sulfur- containing  fuel  (1.4^  S)  . 


Figure  1  gives  the  kinetics  of  corrosion  of  steels  on  an  Iron 
(EI  48i)  and  a  nickel  (EI347B)  base  In  the  combustion  products  of 

o  0  •  c  > 

sulfur-containing  fuel  (1.4^  S)  and  the  standard  fuel  (0.2^)  in  com¬ 
parison  with  ordinary  steel  (10  Steel)  after  50  hours  at  650“. 

From  the  data  shown  It  can: be  seen  that  the  nickel  alloy  hardly 
corrodes  at  all  at  the’^glven^temperature^  but  the  alloy  on  an  iron 
,  base  “Corrodes  substantially;  10.- Steel  is  especially  sensitive  to 
gaseous  corrosion,  losing. 30-40  times  more  weight  In  50  hours  than 
EI481  steel.  ^ 


C? 


A  peculiarity  of  the  corrosion  of  st'''>l8  on  an  "Iron  base  Is  that 

O  C,  O  Cl.  O 

raising*  the  sulfur  content  In  the  fuel  lowers  the  corrosion  rate. 

O  ;  , 

It  Is  obvious  that  under  the  Influence  of  fuel  combustion  products 
containing  sulfur,  the  surface  of  these  steels  can  quickly  develop 
a  protective  film  that  retards  col^roslon. 

These  facts  are  confirmed  by  the  results  of  tests  to  determine 
the  corrosion  resistance  of  another  steel  on  an  iron  base  —  2Khl3->  • 
in  the  combustion  products  of  fuels  containing  different  percentages 
of  sulfur  (Fig.  2)  . 
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After  10  hours  at  750*  In  low-sulfur  fuel,  plate  scorching  was 

•  « 

*  9 

obtained.  Testing _  specimens  of  this  steel  at  the  same  temperatxire  In 
sulfur- containing^ fuels  ( 1.0 ‘and  1.57^  S)  ^ did" not  result  In  such 
scorching.  — 

The  corrosion  of  nickel  alloy  EI437B  at  950*  Increases  somewhat 
with  an  Increase  In  sulfur  content  In  the  fuel  (Plg.  3a)  .  In  EI435 
steel,  regularity  Is  not  observed. 

o  The  results  from  the  Investigation  of  "corroslon'^ln^the  other 
metals  tested  In  fuel  combustion  products  are  shown  in  Table  2. 
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”  o  oPlg. o2.  Corrosion  losses  in  2Khl3  Steel  in 
“  diesel  fuel  combustion  products  at  750®. 
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Pig.  3.’  Kinetics  of  corrosion*’ ( a)  and  de¬ 
positions  (b)  in  steels  exposed  to  dJLesel  fuel  combustion 
products  at  950*.  l)  DS,  QOST  4749  (0.25^  S) , 

2)  sulfur-containing  fuel  QOST  305-58  (l.OJB  S)  , 

3)  experimental  sulfur- containing  fuel  (1.575^  S)  . 
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Figure  4  shows  the  dependence  of  corrosion  losses  In  nickel 
steels  EI457B,  EI602,  and  EI435  on  the  temperature  of  the  combustion 
products  of  fuels  containing  0.2 “to" 1^  S.  Similar  "corroslon-tempera- 
-ture'V curves  were  obtained  fon^the  following-^ steels  also:  El48l, 


“  3Khl3,  oEI417/  EI612>  El607r  EI617,  Vtc’. 

The  results  show  th&t  the  heat  resistance  of  the  tested  steels 
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°noticeably°decreases  at  high  temperatures:  for  Iron-base  steels  this 
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phase^“appears  at  6OO-70O*,  and  for  nickel  steels  at  750“-800®. 
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Raising  the  sulfur  .content  of  the  fuelofrom  0.2  to  In  the  400-900 
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range  does  not  essentially  change^^the  heat  i*eslstance,aOf  the  given 

^  00  O  o  ^  **  CO 

steels'^  o  -  .0  ° 

ovC^j.o*  ^  ,  a  0  oo  »'•  o  o  c 

00.6=...  (7^  •  0°^®  o  0  •  °  ° 

tt  C5>  «•  <Ki=0.  O  • 

oo  .  o«°under  the  working  conditions  of  marine  gas  turbines,  it  Is  possible, 

O  ^  t  ^  a  o  °  o  0» 

that<?a  certain  amount  of  sea  water  mayoget  directly  "into  the  fuel  or 

o  •  O 

*  <=3,  O  o  O 

u"=  .=p  ^  the  air  drawn  In.  ‘  Thus,  the  influenceoor  water  vapor  on  the  corro-  “ 

•  .0  to  O  o  o  ^ 

Oo  •  O  0  0  *  C=>  *  •  C»<0 

.  slon  of  metals  In  fuel  combustion  products  was^^lnvestlgated.  Water‘d 

°°  °  ^  a  ■'  o 

9  ooo  00^  ®  ^~p  o  **  .0 

°ooo  ocontalning  9  g  of  NaCl  per  liter  introduced“lnto  the  air  Ignltl^  . 

0  .  XP  “<==00 

“  oco  the  fuel  was  mixed  with  it  directly  at  the  Jet  In  the  '’combustion  area. 

0  4»  C 

o  ■  •  ^  Corrosion  of  alloys  by  sulfur- containing  fuel-combustion  products 

in^the  presence  of  1.0^  (by  fuel  weight)  of  salt  water  in  the  air  is, 

cp 

In  the  majority  of  cases,  somewhat  greater  than  In  low-sulfur  fuel. 

The  coefficient  of  Increase  In  transition  to  sulfur-containing  fuel 
Is  within  the  limits  of  1. 2-2.0. 

?  .  Decreasing  the  amount  of  salt  water  to  0.5^  considerably  dimini¬ 

shes  corrosion  losses  In  sulfur-containing  diesel  fuel,  practically 
reducing  them  to  the  level  of  low- sulfur  fuel. 

a  ,  ^ 

*  In  the  operation  of  gas  turbine  the  periods  of  work  may  alternate 

with  prolonged  Inactivity  of  the  equipment.  Under  these  conditions 

the  components  of  the  steam-passing  part  of  the  turbine  may  be  Sub- , 
Jected  to  the  action  not  only  of  fuel  combustion  products  but  also 
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of  the  moisture  in  the  air  (alternate  action  of  combustion  products 
and  moisture)  .  *  •  ' 

m  m 

Table  2 

"  Corrosion  of  Steels  (mg/cm®) 
o  1^  §  fe  ~  I  Pixel  with  Sulfur  Content,  ^ 
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In  this  connection  a  series  of  experiments  was  carried  out  to 
Investigate  the  corrosive  attack  of  sulfur- containing  fuels  under 
conditions  of  alternate  action  by  conibustlon  products  and  by  air  of 
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Pig.  5*  Corrosion  of  different  steels 
in  diesel  fuel  combustion  products  after 
15  hrf  in  the  presence  and  absence  of  salt, 
ij  GOST  505-58  (1.05^  S),  2)  ns  GOST  4749-49 

(0.25^  S)  ,  (in  both  cases  of  salt  water 
was  Introduced  Into  the  air) ;  5)  GOST  305-58 

(1.0^  S)  ,  4)  DS,  .GOST  4749  (0.25^  S)  (in  both 

cases  without  salt  water)  . 


Table  5 

Corrosion  (rag/cm®)  of  Steels  under  Different  Conditions 
tlon  of  Test  30  Hours,  Temperature 
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Pig.'  6.°  Corrosion  ^of  steels  In  alter¬ 
nating  action  of^ diesel  fuel  combustion 
products  and  atmospheric  moisture  of  60 
g/m®.  •  Sulfur- containing  fuel  l)  1.57^  S 
2)  1.43^  S,<=^3)  1.05^"S  In  GOST  305-58,0 
4)  0.2^  S  In  low-sulfur  fuel  GOST  4749-49 


cca»  o 

®  *  O 

O 


O  O  o 


OaCi  c:j.  <► 


<oo  • 

<*  0  0 


The  tests  were*  carried  out  in  stages:  after  each  10-hour 

****"-,  -  n  *  '  • 

action  of  fuel  combustion  products  the  specimens  were  kept  in  air 
for  12  hours  and  thus  were  exposed  to  the  effects  of  air  moisture. 

ft 

o 

Evidently,  under  these  condltions^the  corrosion  of  steels  on  an 

«  o  • 

iron  (El48l,  lKhl8N9T,  3Khl3,  and  2Khl3)  and  a" nickel  base  (EI457B) 
is  the  same  as  in  the  case  where  the  combustion  products  of  fuels 
contained  0^2  and  1.05^  sulfur.': 

jjj  combustion  products  of’ fuel- with  1 . 4^  “ sulfur,  the  corrosion 

•  °  •  o  .  “O  .  c 

Cf  o  o 

.  olosse's  of  steel  on  an  iron  base  (El48l)nare  2~2.5  times  greater  than 
0  for  the'  two°  other  fuels;  EI437B  nickel  steel  corrodes  almost  Identl- 
.  cally  when  exposed  to  the  combustion  products  of  all  three  fuels. 
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,  Thus,^ln  the  conditions  'of  the  accepted  test  regime,  the  com- 
o  bustlon°products  of  fuels  containing  from  0®2  to  1.0^‘of  sulfur  have 

„  ip  ”  ^  c  » 

practically  identical  corrosion  activity  .In^ relation  to  the  steels  on 

®  o  ^ 

o  O 

o  nickel  and  iron  bases. 
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‘’increasing  the  sulfur  content  in  fuel  more  than  1.0^,  in 

„  °  o  °  «>  . 

particular  to  ^1.4^,  strengthens  the  corrosive  action  of  combustion 
products;  and  this  is,  above  all,  expressed  In  the  increase  of  the 
'’corrosion  losses  of. steels  on  an  iron.  base.  ’  o. 

«  o’  °  ’  -'o  ^  Oo 

In  addition  to  “the  described  experiments,  a  number  of  others  '“c 

O  <0  , 

0  ^  o  o  '*  * 

were  carried  out  in  whlch^°  owing  to  the  artificial '  introduction  of  air 

®  ®  Cj.  o  • 

of  increased”  humidity  (6o  g/m®) ,  there  was '^acceleration  of  the  corro- 

.  '  -O  ^  °  °  “ 

Sion  process. 

n  r,  •  , 

.  ^  Experiments  were  conducted^on  four  fuels  with  various  sulfur 

.  C’  ^  o  ^  ^ 

contents "(0.2,  1.0,  1.4,  and“1.57^)  .  " 

A  comparative  evaluation  of  the  corroslve'''attack  of  fuel  com- 

c.  c-  »  t 

bustlon  products  under  these  conditions  Is  given  In  Pig.  6. 

An  analysis  of  the  data  In  Pig.  6  shows  that  the  corrosive 
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attack  of  fuel  combustion  products  In  relation  to  Iron  and  nlckel- 
'base  steels  Increases  out  of  proportion  with  the  Increase  In  sulfur 
content  In  the  fuel;  barely  Increasing  the  sulfur  content,  from 
0.2,  to  1.05^,  the  corrosive  activity  rises  sharply  in  fuels  containing 

■  '  o  * 

1.4-1. 6^  sulfur  and  that  very  fact  differentiates  the  examined  fuels 
.  ^  Into  two  groups  according  to  .their  corrosive  attack. 

a  C'  „ 

^  Analysis  of  the  combustion  products  of  fuel  containing  varying 
.  »  .  amounts  of  sulfur  for  SO2  and  SO3,  shows  that  the  quantity  of  sulfur 

\  ■  •  oo  i^rloxlde  in  combustion  products  of  fuels  with  0.2  to  1.0^  of  sulfur 

•“o'"’*  .  °  % 

•  '  5,  Is  almost  identical;  but  with  1.4-1.57^  of  sulfur  In  the  fuel  It 

’ ’  60'^  increases  sharply.  Thls‘'^may  beothe  explanation  of  Its  absence  In  the 
g  ^  “  corroslve®aggressiveness  of  fuels  containing  0.2- 1.0^  and  1.4-1.57^ 
sulfur,  . 

.  «So  ^  ^  ^ 

c,„  • .  Corrosion  Increase  In  alternate  action  of  combustion  products 

^ and  of  moisture aCvidently  occurs  because  here  two  types  of  corrosion 
“taice'^place;  chmical  or  gas  corrosion  at  high  temperatures  and 

®  Oo  ^  O; 

Cj  ^ 

■0  ^  ^  ^  ^ 

6  •»  o  electrochemical  corrosion  at  medium  temperatures. 

SS.O  -aoo® 

o'*  o  The  posslbirity  of  electrochemical  processes  is  inherent  In 

•«  ,  the' condensation  of  moisture  and  sulfuric  acid  on  the  surface  of  the 

«3-  *  -0  oC.° 

%  o  O  *• 

<»  ^  ^  O  ■  O  ev 

“Products  of  the  reaction  of  the  metal  with  an  external  medium 

o  o  •  ^  » 

o  *  *  •  °  - 

°  remain  on  the  metal °in  the  form  of  incrustations,  o  These  incrustations' ' 

0  °°o cause •wear° of  the  turblne»parts  (especially  of  the  working  vanes)  and 

0,  °  '  “’•  : 
unfavorably  affect  the  operation  of  the^gas  units 

"  •  <=’  o  O 

®  '^’=’  ^  o  t;-  «  <5  fti 

’Figure  5t>  gives  the  curves  for  growth  of  Incrustations  plotted 
against  time  for  nickel"  alloys  exposed  to  sulfur-containing  dlesel-fue*l 
combustion  products  at  950®.  ^The  quantity  of  Incrustations  is  de- 

<5  « 

termined'«by  comparing  the  weight  of  the  specimen  after  the  tests  with 

V'  ^ 

«  “^its  weight  after  electrochemical  treatment;  ®thus  the  incrustations 

•  * « 

<5^  contain  products  of  corrosion,  physical  Impurities  In  the  stream,  and 
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products  of  Incomplete  chemical  combustion  of  the  fuel. 

Prom  Pig.  3a  and  b  It  is  to  be  seen  that  the  kinetics  of  the 
growth  of  the  Incrustlons  and  corrosion  follows  general  laws  charac¬ 
terized  by  two  parabolic  segments  and  also  by  the  agreement  of  the  in¬ 
dividual  sections  of  ,the  curves  In  each  segment. 

The  development  of  the  given  processes  along  parabolic  segments 
Is  evidently  explained  by  the  sudden  disturbance  of  the  protective 
coating:  the  corrosion,  process,  sharply  retarded  because  of  protec- 
tlve-coatlng  formation,  accelerates  anew  after  the  destruction  of  the  coating. 

Increased  sulfur  content  In  the  fuel  does  not  disturb  the  general 
laws  of  corrosion  and  incrustation. 

It  was  also  established  by  experiments  that  the  quantity  of 
Incrustations  on  nickel  and  Iron  alloys  during  the  action  of  com¬ 
bustion  products  of  fuels  containing  0.2  and  1.0^  of  sulfur  is 
practically  Identical. 

On  the  basis  of  the  work  performed  we  may  draw  the  following 
conclusions: 

. l)  Tests  have  shown  that  combustion  products  of  diesel  fuels 
containing  0. 2-1.0^  sulfur  possess  practically  the  same  corrosive 
’aggressiveness  In  respect  to  steels  (alloys)  on  a  nickel  and  an  Iron 
base.  Increasing  the  sulfur  content  in  the  fuel  to  1.4-1.65^  leads 
to  ascertain  strengthening  of  corrosive  action. 

-=>2) ,  Combustion  products  of  sulfur- containing  fuel  In  a  number  of 
steels  (for  example, ^El48l, and  2Khl3  steel),  when  the  humidity  of  the 

0  O  ^ 

air  entering  the  combustion  chamber  is  lo>r^  may  somewhat  retard  the 

£• 

corrosion  process  In  comparison  with  the  combustion  products  of  low- 
sulfur  fuel;  and  this  evidently  results  from  formation  on  the  metal 
surface  of  a  protective  sulfide  coating. 

3)  Alternate  action  of  combustion  products  auid  air  moisture, 
reflecting  the  concrete  conditions  of  corrosion  formation  in  gas 
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tvirblnes,  intensifies  the  corrosion  of  alloys  2-3  times  when  the 
fuel  contains  1.4-1.57^  of  sulfur.  In  comparison  with  fuels  containing 
0. 2-1.0^  of  sulfur.  This  is  especially  noticeable  with  Increased 
humidity  of  the  air. 

In  fuels  containing  0. 2-1.0^  of  sulfur,  corrosion  under  such 
conditions  is  practically  the  same.  . 
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